Aim: China's Grain-for-Green Program (GFGP) is the largest reforestation program in the 12 world and has been operating since 1999. The GFGP has promoted the establishment of tree 13 plantations over the preservation of diverse native forest. In a previous study (Hua et al. 2016, 14 Nat Comms 7:12717), we showed that native forest supports higher species richnesses of 15 birds and bees than do GFGP plantations. We also showed that 'mixed-plantation' GFGP 16 plantations, which are mostly made up of two to five neighboring monoculture stands of 17 different tree species, planted in checkboard fashion, support a level of bird (but not bee) 18 species richness that is higher than any of the individual GFGP monocultures, although still 19 below that of native forest. To better protect terrestrial biodiversity, which is an important 20 objective of China's land-sustainability spending, we recommended that the GFGP should 21 firstly prioritize native forest conservation and regeneration and secondly promote 22 checkerboard planting arrangements over monocultures. Here, we use metabarcoding of 23 arthropod biodiversity to test the generality of these results and policy recommendations. 24 25 Location: Sichuan, China 26 27 Methods: We used COI-amplicon sequencing ('metabarcoding') of bulk samples of 28 arthropods that were collected with pan traps in native forest, cropland, mixed plantations, 29 and monocultures. 30 31
insight that "management for diversity calls for diversity of management." 144 Overall, our results support the conclusions of Hua et al. (2016) that native forests contain the 145 most biodiversity and should be prioritized in the GFGP for protection and expansion and 146 that promotion of mixed planting of monocultures is a worthwhile but second-best policy 147 reform for the GFGP. The study region and sampling locations are the same as those in Hua et al. (2016) , where 152 further details can be found. In short, our study region was a 7,949 km 2 area in south-central 153 Sichuan province ( Figure 1) spanning an elevation range of 315-1,715 m above sea level, 154 historically forested and then heavily deforested starting in the 1950s. The GFGP established 155 ~54,800 ha of forest between 1999 and 2014, dominated by the following four types: short-156 rotation (6-20 years) monocultures of bamboo (BB), eucalyptus (EC), and Japanese cedar 6 to locate any undisturbed native forest. Cropland is typically located on flatter land than are 172 the forest plots, since GFGP reforestation targeted sloped land, and the native forests are 173 concentrated toward the southern end of the study region, near Emei Mountain. For sampling, 174 we chose larger expanses (> 60 ha) of each of these six land-cover types: BB, EC, JC, MP, 175 NF, CL. Each land-cover type was represented by at least two locations set ≥15 km apart. All forest 179 stands chosen were closed canopy. For each land-cover type, we sampled with at least ten 180 one-ha quadrats, within each of which we operated 40 fluorescent pan traps for 24 hrs 181 (Bartholomew & Prowell, 2005) (Figure S1 ). In total, 74 quadrats were sampled (BB: n = 10 182 quadrats, EC: 10, JC: 12, MP: 10, NF: 16, CL: 16). Different quadrats were separated by 183 ≥300 m if placed in the same forest stand. All individual samples were stored in 100% 184 ethanol and stored at ambient temperature until shipment back to the Kunming Institute of 185 Zoology, where they were stored in a -20 ℃ freezer before DNA extraction. The original 186 reason for using pan traps had been to trap bees, which we DNA-barcoded individually for 187 analysis in Hua et al. (2016) . Here we use metabarcoding to analyze the pan-trap bycatch. 188 189 2.2 Amplicon preparation 190 For each of the 74 quadrats, we first pooled all 40 pan traps into a single sample. In this part, 191 three quadrats had very few individuals, and we pooled them with their nearest-neighbor 192 quadrat of the same land-cover type (EC02 and EC03 were pooled with EC01, NF03 was 193 pooled with NF02). Thus, we were left with 71 bulk samples. Storage ethanol was removed 194 by air drying on single-use filter papers. Our samples were dominated by Diptera and 195 Hymenoptera, as expected with pan traps. We equalized input template DNA across species 196 by using one leg of every individual larger than a mosquito and the whole body if smaller 197 (e.g. midges). This was to reduce the effect of large-biomass individuals outcompeting small-198 biomass individuals during PCR, which improves taxon detection (Elbrecht, Peinert, & 199 Leese, 2017). DNA extraction followed the protocols of Qiagen DNeasy Blood & Tissue Kits 200 (Hilden, Germany), followed by quantification via Nanodrop 2000 spectrophotometer 201 (Thermo Fisher Scientific, Wilmington, DE) . 202 We amplified a 319-bp fragment of COI using forward primer LCO1490 (5'-203 GGTCAACAAATCATAAAGATATTGG-3') and reverse primer mlCOIintR (5'-204 GGNGGRTANANNGTYCANCCNGYNCC-3') ( Leray et al., 2013) . All samples were 205 carried out with two rounds of PCR. In the first round, both forward and reverse primers 17 bp) were tailed with tags to allow sample identification. In the second-round PCR, we 207 added Illumina adapters to the amplicons produced in the first PCR, thus avoiding the 208 possibility of tag jumping that can arise by carrying out library preparation on mixtures of 209 amplicons (Schnell, Bohmann, & Gilbert, 2015) . A table of the primers with tags and the 210 second-round PCR primers is in Supplementary Information (Table S1 ). All PCRs were 211 performed on a Mastercycler Pro (Eppendorf, Germany) in 20-µl reaction volumes, each 212 containing 2 µl 10 x buffer (Mg 2+ plus), 0.2 mM dNTPs, 0.4 µM of each primer, 1 µl DMSO, 7 0.4 µl BSA (bovine serum albumin) (TaKaRa Biotechnology Co. Ltd, Dalian, China), 0.6 U 214 exTaq DNA polymerase (TaKaRa Biotechnology), and approximately 60 ng genomic DNA. 215 Both rounds of PCR started with an initial denaturation process at 94 ℃ for 4 mins, followed 216 by 35 cycles of 94 ℃ for 45s, 45 ℃ for 45s, 72 ℃ for 90s, and finishing at 72 ℃ for 10 mins. 217 PCR products were gel-purified with QIAquick PCR Purification Kit (Qiagen). One sample 218 failed to amplify. For the remaining 70 samples, we pooled purified PCR products into two 219 libraries, then sequenced on the Illumina MiSeq platform (Reagent Kit v3 600 cycles, 300PE) 220 at the Southwest Biodiversity Institute Regional Instrument Center in Kunming. The total 221 number of paired-end sequences returned was 13,601,908. A common filtering step is to remove OTUs made up of few reads (e.g. 1-read OTUs), as 259 these are more likely to be artefactual. For instance, PCR errors can generate clusters of 260 sequences that form their own OTUs and are sufficiently different from the parent that they 261 cannot be identified as daughters by 'lulu'. Such OTUs are more likely to be small because 262 these novel haplotypes typically arise in a later PCR cycle and are thus amplified less often 263 than the original true haplotypes. There is no reason for such PCR errors to be sequenced at 264 low quality, so they cannot be filtered out by quality score. However, the definition of 'few 265 reads' is inherently subjective and necessarily differs with the size of the sequence dataset 266 (and other aspects of the lab and bioinformatic pipeline). We therefore used 'phyloseq' 1.19.1 267 (McMurdie & Holmes, 2013) Finally, we inspected the OTU table and set to zero those cells that had <5 reads representing 285 that OTU in that sample, since these are more likely to be the result of sequencing error. In 286 addition, we removed two rows (samples) that contained ≤100 reads total (i.e. two samples 287 with little data due to sequencing or PCR failure) and removed seven rows (samples) with <5
288
OTUs because these samples are potentially overly influential ('ecological outliers') in 289 analyses of species richness. These seven samples included 2 from native forest and 5 from 290 monocultures (3 BB, 1 EC, 1 JC), meaning that we disproportionately removed very low-291 diversity samples from the monocultures, making our species diversity analyses below more 292 conservative. After these sample removals, seven OTUs were left with <20 reads and were 293 removed. Because we do not consider read numbers per OTU to be reliable measures of 294 biomass or abundance (Nichols et al., 2018; Piñol, Mir, Gomez-Polo, & Agustí, 2015; Yu et 295 al., 2012) , we converted the OTU table to presence/absence (0/1). Throughout, our bias was 296 to remove false-positive detections even at the expense of losing true-positive detections, 297 thereby resulting in a dataset with less, but more reliable, data. We ended with 536 OTUs and 298 61 samples. Because we used a combination of CROP+'lulu' and 'phyloseq' to combine and remove, 308 respectively, small OTUs that are likely to be artefactual, the OTUs that remain are more 309 likely to represent true presences. Nonetheless, it remains possible that we have still over-310 split some biological species into multiple OTUs, since there is no single correct similarity 311 threshold for species delimitation, and this oversplitting might have occurred more often for 312 some taxa in some land-cover types, leading to artefactual differences in species richness. 313 However, such oversplit OTUs should cluster together in a phylogenetic tree and thus 314 contribute less to estimates of phylogenetic diversity than would OTUs from multiple, true Beta diversity. -To visualize community composition, we ran a Bayesian ordination using 328 'boral' 1.6.1 (Hui, 2016) , which is more statistically robust than running non-metric 329 multidimensional analysis (NMDS) because 'boral' is model-based and thus allows us to 330 apply a suitable error distribution so that fitted-model residuals are properly distributed. We 331 used a binomial error distribution and no row effect to fit the model since we were using 332 presence/absence data ( Figure S2 ). For the same reasons, we used 'mvabund' 3.12.3 (Wang, We also visualized beta diversity with an 'UpSetR' 1.3.3 intersection diagram (an easier-to-338 parse alternative to Venn diagrams (Conway, Lex, & Gehlenborg, 2017) ) and with a heatmap 339 using the tabasco function in 'vegan'. We then partitioned the beta diversity into turnover and 340 nestedness components using 'betapart' 1.4-1 (Baselga & Orme, 2012) with binary Jaccard 341 dissimilarities, and we visually compared these two components using the metaMDS function 342 in 'vegan'. Finally, we used 'metacoder' 0.2.0 (Foster, Sharpton, & Grunwald, 2017) richnesses ignore undetected species. We thus first used the Chao2 estimator (Chao, 1987) 354 and found that native forest, mixed plantations, and cropland have the highest estimated 355 species richnesses and do not differ significantly in richness from each other ( Figure 3 ). 356 Importantly, the monocultures (bamboo, eucalyptus, and Japanese cedar) are estimated to 357 support half or less of the species richnesses of native forests and mixed plantations, and after 358 correction for multiple pairwise tests (p.adjust(method="fdr")), these differences 359 achieve formal statistical significance for all comparisons with native forest and for the 360 comparison between mixed plantations and eucalyptus forest (MP:EC, p = 0.046). The 361 pairwise comparisons between mixed plantations and the other two monocultures achieve 362 marginal significance (MP:BB, p = 0.10; MP:JC, p = 0.14).
364
We then checked the robustness of this finding with 'iNEXT' and 'iNextPD'. As with the 365 Chao2 estimator, 'iNEXT' found that native forest has the highest estimated asymptotic 366 species richness and species diversities (Shannon and Simpson indices), followed by cropland 367 and mixed plantations, followed by the three monocultures ( Figure 4 ). Native-forest species 368 richness and diversity are significantly higher than in all the other land-cover types (the 369 confidence intervals do not overlap), and the richness and diversities of mixed plantations are 370 significantly higher than all the monocultures, with the possible exception of bamboo (the 371 MP and BB confidence intervals touch for species richness, do not touch for Shannon and 372 Simpson diversities). We note that 95% confidence-interval overlap is considered an overly 373 conservative test for significance at the p=0.05 level (MacGregor-Fors & Payton, 2013) . In summary, two incidence-based methods (Chao2, 'iNEXT') and one phylogenetic-383 diversity-based method ('iNextPD') all find that species richness and diversity in native 384 forest is highest and that the mixed plantations are significantly or marginally significantly 385 more diverse than the monoculture plantations (Japanese cedar, eucalyptus, bamboo).
387
We can also use 'iNextPD' to visualize phylogenetic coverage by land-cover type (Figure 6 ), 388 and we see that the three monocultures, and the mixed plantations to a lesser extent, exhibit 389 multiple coverage deficits, while cropland and native forest have almost complete coverage 390 of the OTU tree. In the next section, we explore these compositional differences between 391 habitats. 392 393 3.2 Beta diversity 394 We carried out a model-based, unconstrained ordination with 'boral' to visualize 395 compositional differences amongst the six land-cover types (Figure 7 ). Not surprisingly, the 396 primary separation was between cropland and the other land-cover types, which were 397 arranged at different ends of the first latent-variable axis. The cropland sites themselves also 398 clustered into two groups by elevation. A non-metric multidimensional scaling (NMDS) 399 ordination showed a similar pattern but failed to separate cropland sites into high-and low-400 elevation clusters (data not shown). OTUs) than with any of the monocultures (13, 9, and 5 OTUs). 419 420 However, despite their overlap, mvabund analysis shows that the arthropod communities of 421 mixed plantations and native forest are still significantly distinct from each other, and from 422 the three monocultures and cropland (Table 1) .
424
Turnover versus nestedness. -We now ask whether the compositional differences amongst 425 land-cover types are driven by turnover or nestedness. 'betapart' analysis shows that turnover, 426 not nestedness, dominates compositional differences (Figure 9 ), which is consistent with the 427 UpSetR diagram showing that the mode OTU category in each land-cover type is unique 428 OTUs. In other words, the monoculture arthropod communities are not just subsets of the 429 richer native-forest, cropland, and mixed-plantation arthropod communities but rather contain 430 their own monoculture-specific sets of species. We provide a heatmap in supplementary 431 information ( Figure S4 ) as another visualization of the dominance of turnover. Mycetophila, Sonema, and Homaloxestis, which can be taken as eucalyptus indicator species. 450 Finally, relative to Japanese cedar, mixed-plantation and native-forest sites both have more 451 Araneae-and Lepidoptera-assigned OTUs, fewer Hemiptera-assigned OTUs, and fewer of 452 the OTU assigned to Mycetophila. Heat-tree differences at higher taxonomic ranks (e.g. more 453 Araneae-assigned OTUs) mean that the OTUs that separate two land-cover types differ across To recap, our most important question is whether native forest sustains a greater biodiversity 464 of arthropods over any of the GFGP-plantations, as we had previously found for birds (Hua et 465 al., 2016) . Our second question is whether mixed plantations can boost biodiversity over 466 monocultures. On the second question, our previous study had found contradictory results, in 467 that non-breeding bird diversity is higher in mixed plantations, while bee diversity is not 468 boosted at all. To answer these two questions, we metabarcoded the arthropod bycatch of the 469 pan traps that had originally been used to catch the bees.
471
The importance of native forest. -Firstly, we find that all three estimators strongly support 472 the conclusion that native forest supports the highest levels of arthropod species richness and 473 diversity (Figures 3, 4, 5) and that most of those species are unique to native forest (Figure 8) , 474 results that are consistent with the patterns of bird diversity that were reported in Hua et al. 475 (2016). We thus re-affirm the biodiversity value of native forest over all GFGP-plantations 476 and reinforce our policy recommendation of encouraging the retention and expansion of 477 native forest in the Grain-for-Green program.
479
The importance of mixed plantations. -Secondly, we find that mixed plantations support 480 levels of arthropod species richness and diversity that are higher than at least one, and 481 possibly all three, of the monocultures (Figures 3, 4, 5) . Mixed plantations are also 482 compositionally most similar to native forests (Figure 7) , and the two land-cover types 483 uniquely share the most species (Figure 8 ). These results contradict the previous study's bee- 484 only results (Hua et al., 2016) , which found no diversity boost from mixed plantations and no 485 additional similarity of mixed plantations to native forest, but they are consistent to our 486 previous study's bird results, which showed higher species richness in mixed plantations over 487 monocultures for non-breeding birds and a slightly greater degree of shared species between 488 native forest and mixed plantations for forest-dependent birds. In short, mixed plantations not 489 only support a higher diversity of non-breeding birds but also appear to provide a small but 490 detectable biodiversity boost for arthropods. We thus also support the seemingly simple, but 491 second-best, policy adjustment of encouraging checkboard plantings of different species of 492 plantation trees as a method for boosting the biodiversity of GFGP plantations, at least in 493 western China where we conducted this study. The value of metabarcoding is that our 494 conclusions and policy prescriptions are now also based on a dataset that includes 536 495 species-resolution taxa, ranging across the Arthropoda. Interestingly, we found that compositional differences amongst forest types are almost 506 entirely dominated by species turnover, not nestedness, meaning that some species were only 507 detected in the monocultures (Figures 8, 9, S4 ), which provide larger stands of the same tree 508 species relative to mixed plantations. One interpretation is that overall landscape biodiversity 509 (gamma diversity) would be maximized by including stretches of monocultures in the 510 landscape, but the more parsimonious explanation is that these apparently monoculture-511 specific species are rare, and thus less likely to be detected, in more diverse forests. For now, 512 we cannot differentiate these two explanations. Another approach, which became available only after we had completed the wet-lab portion 540 of our study, is to subject each sample to multiple, independently tagged PCRs (typically 541 three) and to bioinformatically filter out sequences that fail to appear in at least two of the Table 1 . mvabund compositional comparisons. We used mvabund to test whether arthropod species land-cover types as in Figure 1 . including cropland is in supplementary information ( Figure S5 ). Title: The biodiversity benefit of native forest over Grainfor-Green plantations: Appendix Figure S1 . Spatial arrangement of pan traps in each one-hectare quadrat (= 1 sampling site). Each quadrat was subdivided into four subquadrats to balance pan colors. Each dot's color represents that pan-trap's color (white, yellow, blue, red, purple), and within each subquadrat were arranged randomly. Figure S2 . Residual plots of the boral model that we fit in Fig. 7 . Figure S4 . Heat map of OTU distribution by habitat type. Beta diversity is dominated by species turnover rather than by nestedness. The vertical line separates two compartments of communities, one dominated by cropland and one dominated by forest and plantations. Each column is a sample site, and rows are OTUs. Codes for land-cover types as in Figure 1 . Figure S5 . Pairwise taxonomic comparisons of all land-cover types. Interpretation the same as in Figure 10 except that cropland is included in this version of the figure (boxes). Upper right triangle: greener branches indicate taxa that are relatively more abundant (in terms of numbers of OTUs) in the land-cover type along the right column, and browner branches indicate taxa that are relatively more abundant in the land-cover type along the top row. Lower left: taxonomic identities of the branches. Note that this is a taxonomic tree, not a phylogenetic tree. Legend: width indicates number of OTUs at a given taxonomic rank, and color indicates relative differences in log2(number of OTUs). Codes for land-cover types as in Figure 1 . Table S1 . Tags and primers used in lab work and all samples relative to tagged primer.
Lib1
Lib2 primer Tagged_primer Forward  CL01  JC01  F1-R1  Tag1  CCTAAACTACGGGGTCAACAAATCATAAAGATATTGG  CL02  JC02  F1-R2  Tag2  GTGGTATGGGAGTGGTCAACAAATCATAAAGATATTGG  CL03  JC03  F1-R3  Tag3  TGTTGCGTTTCTGTGGTCAACAAATCATAAAGATATTGG  CL04 JC04
